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ABSTRACT
Stellar evolution calculations have had great success reproducing the observed atmospheric proper-
ties of different classes of stars. Recent detections of g-mode pulsations in evolved He burning stars
allow a rare comparison of their internal structure with stellar models. Asteroseismology of subdwarf
B stars suggests convective cores of 0.22− 0.28M, & 45 % of the total stellar mass. Previous studies
found significantly smaller convective core masses (. 0.19M) at a comparable evolutionary stage.
We evolved stellar models with MESA (Modules for Experiments in Stellar Astrophysics) to explore
how well the interior structure inferred from asteroseismology can be reproduced by standard algo-
rithms. Our qualitative evolutionary paths, position in the log g− Teff diagram and model timescales
are consistent with previous results. SdB masses from our full evolutionary sequences fall within the
range of the empirical sdB mass distribution, but are nearly always lower than the median.
Using standard MLT with atomic diffusion we find convective core masses of ∼ 0.17 − 0.18M,
averaged over the entire sdB lifetime. We can increase the convective core sizes to be as large as those
inferred from asteroseismology, but only for extreme values of the overshoot parameter (overshoot
gives numerically unstable and physically unrealistic behavior at the boundary). High resolution
three-dimensional (3D) simulations of turbulent convection in stars suggest that the Schwarzschild
criterion for convective mixing sytematically underestimates the actual extent of mixing because a
boundary layer forms. Accounting for this would decrease the errors in both sdB total and convective
core masses.
Subject headings: (stars: subdwarf) - stars: interiors - convection
1. INTRODUCTION
With the increasing improvement of stellar observa-
tions and the introduction of new types of observations,
it becomes possible to constrain the processes involved
and test the validity of the underlying physics. Here
we focus specifically on subdwarf B (sdB) stars which
have been detected to have g-mode pulsations, and we
use the Modules for Experiments in Stellar Astrophysics
(MESA) code (Paxton et al. 2011, 2013) for comparison
with observational constraints, with particular emphasis
on mixing in the deep interior, a major unsolved problem
in stellar evolution.
1.1. Subdwarf B stars - General introduction and
observational results
Subdwarf B stars are hot (Teff = 20, 000 − 40, 000 K)
and compact (log g = 5.0−6.2) stars that are found in all
stellar populations of our own Galaxy as well as in other
old galaxies. Located on the extreme horizontal branch
(EHB), they are understood to be helium burning ob-
jects with very thin hydrogen envelopes (MH < 0.01M)
(Heber 1986; Saffer et al. 1994). While it is well known
that they will directly evolve to become white dwarfs
once their central helium is exhausted, the details and the
relative importance of the various evolutionary channels
leading to the EHB are still poorly understood. Numer-
ous single and binary star scenarios have been proposed
(Mengel et al. 1976; Castellani & Castellani 1993; D’Cruz
et al. 1996; Han et al. 2002, 2003; Miller Bertolami et al.
2008).
Many sdB stars exhibit stellar pulsations, the shorter
(100−400 s) pressure(p)-mode pulsations found in hotter
V361 Hya stars (Kilkenny et al. 1997) and the longer
(2000− 14000 s or longer) gravity(g)-mode pulsations in
cooler V1093 Her stars (Green et al. 2003), or both, in
hybrid pulsators called DW Lyn stars (Schuh et al. 2006).
Detailed work has recently been done to reproduce
the observed pulsational properties of sdB stars with
stellar evolution models. It has been shown that time-
dependent diffusive processes, including mass loss, grav-
itational settling, and radiative levitation (Chayer et al.
2004; Fontaine et al. 2006a; Michaud, Richer, & Richard
2007, 2008; Hu et al. 2009, 2011) are important to recover
the iron-group opacity bump that excites the pulsations
(Charpinet et al. 1997) in these stars, as well as the cor-
rect position of the instability strip in the log g − Teff
diagram (Fontaine et al. 2006b; Hu et al. 2008, 2009,
2010, 2011; Bloemen et al. 2014).
Pulsational frequencies derived from light curves of p-
and g-mode sdB pulsators using ground-based as well as
space-borne (i.e. CoRoT and Kepler) instruments have
been analyzed by asteroseismology. Using the forward
method (e.g. Van Grootel & Charpinet 2008; Charpinet
et al. 2008), the parameters derived by asteroseismol-
ogy, in particular total stellar masses, surface gravities
and effective temperatures, agree remarkably well with
measurements from other techniques such as light curve
modeling of eclipsing binary systems and spectroscopic
analyses (Van Grootel et al. 2013; Green et al. 2011, Ta-
ble 3).
Asteroseismology of g-mode pulsators also provides ob-
servational benchmarks for the inner structure of those
stars, e.g. the extent of the inner convection zone and the
nature of the abundance gradient above the boundary.
Van Grootel et al. (2010a,b) and Charpinet et al. (2011b)
recently derived sdB He-CO convective core masses for
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the first time from asteroseismology of three g-mode pul-
sators: Mcc = 0.22±0.01M, Mcc = 0.28±0.01M, and
either Mcc = 0.274
+0.008
−0.010M or Mcc = 0.225
+0.011
−0.016M.
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All three stars were determined to be significantly less
than halfway through their He-burning lifetimes, having
consumed only about 20% to 40% of the helium fuel in
their cores.
Standard stellar evolution, without any additional mix-
ing at the boundary of the convective core, predicts a
constant convective core mass of ∼ 0.1M for these
stars. When some form of overshoot and semiconvection
(Sweigart 1987), partial mixing (Dorman & Rood 1993)
or atomic diffusion (Michaud, Richer, & Richard 2007) is
included2, the models produce growing convective cores,
with masses up to Mcc ∼ 0.17 to 0.19M at an evolu-
tionary stage comparable to the sdB stars whose convec-
tive cores were inferred from asteroseismology. Sweigart
and Dorman achieved semiconvective or partially mixed
cores that extended up to ∼ 0.25M by the end of the
He core burning lifetime, but the observations indicate
that such large cores are achieved much earlier.
The forward modeling method implemented by both
Van Grootel and Charpinet to analyse sdB asteroseismic
data uses static stellar models covering a much larger
range of parameter space than theoretical models that
are constrained to lie along evolutionary tracks. Since
their results are independent of evolutionary calcula-
tions, this allows us to test various physics options in
a state-of-the-art stellar evolution code (MESA).
For this paper, we calculated a series of sdB stellar
evolution models to compare with observational results
derived from both spectroscopy and asteroseismology. In
§ 2, we explain the method and assumptions in our stellar
evolution calculations. In § 3, we present our results, dis-
cuss the agreement with atmospheric parameters derived
from spectroscopic observations and compare with pre-
vious sdB models. § 4 focuses on the convective cores of
sdB stars and the effects of different input physics on the
extent of the inner convection zone and the convective
core evolution. We summarize our findings in § 5.
1.2. Mixing processes
Turbulent convection is an essential process of energy
transport in stars. Macroscopic mass elements start to
rise (or sink) in dynamically unstable regions, delivering
their excess (or deficit) of heat to cooler (or hotter) layers
and thus transport energy and material throughout the
star. This is a non-linear process governed by the Navier-
Stokes equation, and occurs on the dynamical timescale.
1.2.1. Canonical mixing
MESA treats the mixing of convective elements as a
“diffusive” process, as do most stellar evolution codes.
This “diffusion” operator is chosen for mathematical con-
venience (Eggleton 1972), based on parameters estimated
from the mixing length theory (Bo¨hm-Vitense 1958) as
formulated by Cox & Giuli (1968).
1 The asteroseismological analysis of Charpinet et al. (2011b)
identified two equally probable solutions.
2 We note that atomic diffusion is physically well-defined, while
overshoot and mixing are approximations to assumed fluid flow
behavior, and are therefore likely to be more uncertain.
To estimate the extent of dynamically unstable regions,
two criteria of linear stability are implemented in MESA.
The standard Schwarzschild criterion for instability,
∇rad > ∇ad (1)
and the Ledoux criterion, taking radial composition gra-
dients ∇µ into account,
∇rad > ∇ad + φ
δ
∇µ , (2)
where
φ :=
(
∂ ln ρ
∂ lnµ
)∣∣∣∣
P,µ
δ := −
(
∂ ln ρ
∂ lnT
)∣∣∣∣
P,T
. (3)
Historically, convective mixing was supposed to occur in
the region in which the Schwarzschild condition (Eq. 1)
was violated; we will call this canonical mixing. In addi-
tion to this canonical mixing, it has proven desirable to
consider additional mixing processes (some of which are
not truly different, but overlooked in the stellar approx-
imation to turbulent hydrodynamics).
1.2.2. Overshoot
The term overshoot refers to the transport of energy
and material across the boundary from the dynamically
unstable region into the dynamically stable region. The
additional mixing is calculated using the diffusion co-
efficient from the previous MLT calculations near the
boundary layer and extrapolates it into the radiative re-
gion with an exponential decay, following Herwig (2000);
this procedure is based on simulations of fluids in shallow
convection zones, of homogeneous composition (Freytag,
Ludwig, & Steffan 1996). It has no compositional depen-
dence. The additional term is referred to as the overshoot
mixing diffusion coefficient,
DOV = Dconv,0 exp
(
− 2∆r
fovλP,0
)
(4)
where Dconv,0 is the previously calculated diffusion coeffi-
cient at a user defined location close to the Schwarzschild
boundary, λP,0 is the local pressure scale height, and ∆r
is the distance of overshoot into the radiative layer. The
local pressure scale height is the exponential attenuation
length for g-mode waves (Landau & Lifshitz 1987), and
it is assumed that overshoot falls off as wave energy. The
free parameter fov sets the extent of the overshooting re-
gion and needs to be adjusted by the user depending on
the problem.
In Paxton et al. (2013) an fov-parameter of fov = 0.004
to 0.015 was used to calculate models of a non-rotating
1.5M star. Herwig (2000) used an overshoot parameter
of fov = 0.016 for his study of 3M and 4M asymptotic
giant branch (AGB) stars.
1.3. Atomic diffusion and radiative levitation
Georges Michaud led in the application of true diffu-
sion processes and radiative levitation to stellar evolu-
tion models (Michaud 1970, 1991). These processes have
been applied to horizontal branch (HB) and sdB stars by
Michaud et al. (1985); Bergeron et al. (1988); Fontaine &
Chayer (1997); Chayer et al. (2004); Fontaine et al. (2003,
2006a,b); Michaud, Richer, & Richard (2007, 2008); Hu
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et al. (2008, 2009, 2010, 2011); Michaud, Richer, &
Richard (2011); Bloemen et al. (2014).
Hu et al. (2011) defined atomic diffusion to include
gravitational settling, thermal diffusion, concentration
diffusion, and radiative levitation. Atomic diffusion in
MESA includes all of these processes except radiative
leviation, which is a separate option. Gravitational set-
tling and radiative levitation are particularly important
to recover the iron-group opacity bump that excites the
pulsations in these stars (Charpinet et al. 1997), the cor-
rect position of the instability strip in the log g − Teff
diagram (Bloemen et al. 2014), and help in understand-
ing their observed atmospheric abundances (Michaud,
Richer, & Richard 2011). We will further examine the
effects of atomic diffusion on the deep interior in § 4.
2. STELLAR EVOLUTION CALCULATIONS
2.1. Subdwarf B modeling using MESA
The stellar evolution calculations were done with ver-
sion 7184 of MESA (Paxton et al. 2011, 2013) in order
to extend the results of Østensen et al. (2012). MESA
offers a variety of up-to-date physics modules, includ-
ing several MLT convection options, and is capable of
evolving stars through the He-flash, a crucial part of the
evolutionary path to sdB stars. The latter is modeled as
a quasi-static process, with MLT mixing, as a substitute
for the full dynamical process.
Because our main goal was to devise a simple model
that allowed us to focus on the inner convection zone of
the star, we used standard values and descriptions for the
input physics, varying the defaults for consistency with
the observational data, as described below.
The physics options adopted for our standard models
are summarized in Table 1. They include an atmospheric
boundary condition of τ = 2/3 and a mixing length pa-
rameter of αMLT = 2. We further selected a nuclear net-
work designed to include all reactions for hydrogen and
helium burning. Representative abundances of Z = 0.02,
Y = 0.28 and X = 0.70 were adopted, because most well-
studied (i.e. nearby) sdB stars belong to the field popula-
tion of the galactic disk (Saffer 1991; Saffer et al. 1994),
and the few that are found in old open clusters (where
their progenitors’ abundances can be measured) appear
to be preferentially metal-rich (see § 3.3). We used the
Reimers wind scheme (Reimers 1975) with ηReimers = 0.5
on the red giant branch (RGB). For the post-EHB phase
we used the Blo¨cker wind scheme (Blo¨cker 1995) with
ηBlo¨cker = 0.5.
MESA offers the opacity tables of Iglesias & Rogers
(1993, 1996) and includes their OPAL type I opacity ta-
bles with fixed metal distributions as the default option.
However, the interior abundances of carbon and oxygen
in sdB stars change enough to modify the opacity, not
only during He burning on the EHB, but also during their
prior evolution, in particular during the He flash and the
subsequent transition to the ZAEHB. It is therefore nec-
essary to use the OPAL type II opacity tables which allow
for time dependent variation of the C and O abundances.
MESA includes electron conduction opacities (Cassisi
et al. 2007) as the default case. Electron conduction
becomes the dominant energy transport mechanism in
significantly degenerate stellar cores and is thus required
for our study.
Mixing due to atomic diffusion has been traditionally
assumed to be small during stellar evolution, but it is
necessary to obtain the correct structure to excite pulsa-
tions in sdB stars and reproduce the observed instability
strips (Fontaine et al. 2003, 2006a,b; Hu et al. 2009, 2011;
Bloemen et al. 2014). As chemical diffusion smoothes out
abundance gradients at the boundary of the convective
core, this diffusion, combined with time dependent opac-
ities, allows the convective core to grow during the sdB
evolution. This was first noted by Michaud, Richer, &
Richard (2007) in the context of somewhat more massive,
but essentially similar, HB stars.
Hence we included type II opacities as well as atomic
diffusion processes in all of our stellar evolution calcula-
tions, unless otherwise specified. We deliberately did not
include radiative levitation in our set of standard param-
eters since it is computationally very expensive and has
little to no effect on the interior mixing regions of the
sdB models (see § 4).
MESA calculates the enthalpy flux from standard mix-
ing length theory (Cox & Giuli 1968), using either the
Schwarzschild or Ledoux stability criterion. With the
latter, semiconvection may be included (Langer et al.
1983). Our initial investigation of the effects of semicon-
vection on the convective cores of sdB stars showed that
semiconvection, as implemented in MESA, has little ef-
fect on the convective core sizes. The Ledoux criterion
with maximal semiconvection gives convective core sizes
similar to those obtained with the Schwarzschild crite-
rion. Convective overshoot is implemented according to
Herwig (2000). In § 4, we investigate the effect of varying
amounts of overshoot on the convective cores.
TABLE 1
Specified physics for standard set of stellar evolution
models
Opacity OPAL type II
electron conduction
Nuclear network pp cno extras o18 ne22.net
Metallicity Z = 0.02
Composition Y = 0.30, X = 0.68
MLT αMLT=2
RGB wind scheme ηReimers = 0.5
AGB wind scheme ηBlo¨cker = 0.5
Convection criterion Schwarzschild
Diffusion options Atomic diffusion
2.2. Our method
We modeled sdB stars that have evolved from solar
type stars in binary systems through the common enve-
lope (CE) or the Roche lobe overflow (RLOF) channel
(Han et al. 2002). These apparently very common sce-
narios are believed to occur in binary systems where the
companion strips away the hydrogen envelope of the ex-
panding progenitor star as the latter evolves toward the
tip of the RGB. When most of the red giant envelope
is removed, hydrogen shell burning is quenched, the He-
core stops growing, and the star begins to contract away
from the RGB. If the helium core is sufficiently massive
for the contraction to trigger helium ignition, the star
will evolve onto the EHB and begin burning He in its
core as an sdB star.
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For simplicity, we simulated the effect of binary mass
stripping by removing the envelopes of non-rotating sin-
gle stars. Both spectroscopy (e.g. Heber et al. 2000) and
asteroseismology (e.g. Randall et al. 2007; Baran et al.
2012) indicate that sdB stars are generally slow rota-
tors, except those that have been spun up to some degree
by a binary companion. Our assumption that rotation
does not play an important role even in the interiors of
sdB stars is based on available asteroseismic evidence,
which suggests rigid rotation in both binary and single
sdB stars for the few cases so far in which the interior ro-
tation could be constrained (Charpinet et al. 2008; Van
Grootel & Charpinet 2008; Pablo et al. 2012; Charpinet
et al. 2011a).
Our first step was to create pre-main-sequence (PMS)
models, which are specified by their initial mass Mini, a
uniform composition, a luminosity and a central temper-
ature (Tc = 9×105 K by default). Once the PMS routine
found the central density ρc that gives the model the de-
sired mass, we evolved the star up to the point of the He-
flash. Just before the flash occurred, we saved the struc-
ture as our sdB progenitor model. Our procedure pro-
vides an upper limit to the He core mass of the resulting
sdB star, since the progenitor could have been stripped
prior to the He flash when the He core mass was up to
∼ 0.02M smaller and it would still have evolved onto
the EHB (Castellani & Castellani 1993; D’Cruz et al.
1996).
For the next step, we stripped away mass from the sdB
progenitor model beginning with the outermost cell us-
ing the relax mass option of MESA. This option ensures
that the mass of the star is adjusted to the specified value
of new mass. The mass loss occurs in a series of small
episodes until the requested new mass is reached. Then
the code begins the actual stellar evolution toward the
zero age EHB (ZAEHB). Mass loss continues to occur be-
tween the RGB tip and the ZAEHB. Using this method,
we reduced the hydrogen envelope down to typical values
for sdB stars in the range of MH = 10
−4 to 10−3M.
This simple mass loss procedure differs from the real
dynamics in that it is modeled as a quasi-static process.
The full 3D well-resolved hydrodynamics for a binary
star over evolutionary timescales is still beyond the ca-
pability of modern computation. Therefore, following
Dorman et al. (1993); Hu et al. (2009, 2011); Østensen
et al. (2012); Bloemen et al. (2014), we adopted a more
tractable approach.
The evolutionary tracks of sdB stars are primarily in-
fluenced by two factors, the mass of the He core after
the envelope has been stripped, and the amount of re-
maining hydrogen envelope. As seen in previous studies
(Dorman et al. 1993; Han et al. 2002), the initial mass of
the progenitor star, Mini, determines the mass of the He
core at the He flash and therefore the approximate total
mass of our sdB stars, subject to a very small depen-
dence on composition. For ages appropriate for old disk
stars (. 10 Gyr), the more massive the progenitor star,
the earlier the star begins helium fusion and thus the less
massive the He core. For a given He core mass, the tiny
envelope mass is decided by the parameter Mnew, the
new stellar mass after stripping off the envelope. Qual-
itatively speaking, the more massive the sdB envelope,
the lower the effective temperature and the surface grav-
ity. In our survey set of calculations, we varied the initial
mass, Mini, between 1.0 and 2.5 M and the new mass
parameter, Mnew, between 0.472 and 0.490 M.
3. SDB MODELS WITH CANONICAL MIXING AND
ATOMIC DIFFUSION
In this section we compare the results of our sdB mod-
eling with observational data and with other stellar evo-
lution calculations. We created a range of sdB models
using standard MLT (i.e. excluding overshoot and semi-
convection) and the Schwarzschild criterion to explore
the effects of varying the initial mass, Mini, and stripped
mass, Mnew, on our sdB models.
We show that our models are quite consistent with
previous calculations of sdB stars.
The distances to field sdB stars are only approximate,
so luminosities cannot be accurately calculated. How-
ever, since effective temperatures and surface gravities
can be inferred from a variety of methods and the masses
of most sdB stars are very similar, they are typically plot-
ted in the log g − Teff plane instead of an HR diagram.
Figure 1 shows the ZAEHB (lower dashed line) and
evolutionary tracks (solid lines) for our set of sdB mod-
els with Mini = 1.0 and a range of Mnew. The tracks
cover only the period of helium core burning, when the
star is characterized as an sdB star. For comparison,
we plot observed spectroscopic data derived with the use
of NLTE model atmospheres (Green et al. 2008), along
with results from binary modeling and asteroseismology
(Fontaine et al. 2012). (Although Fontaine listed spectro-
scopic values for the effective temperatures, because they
are poorly constrained by asteroseismology, we show the
asteroseismic values for Teff whenever they were avail-
able.)
Our models reproduce the characteristic hook-shaped
sdB evolutionary tracks, corresponding to stable helium
core burning, as well as the shape of the ZAEHB. The
tracks overlap the distribution of the observational data
points fairly well, except for a small overall shift toward
lower Teff and/or higher log g.
Figure 2 shows the ZAEHB (lower dashed line) and the
corresponding tracks (solid lines) for a different sequence
of sdB models evolved from an initial mass of 2.0M.
The resulting He core masses, and therefore the total
sdB masses, are about 0.03M smaller than in the case
of the 1.0M progenitor. The ZAEHB for the 1.0M
progenitor sequence of Figure 1 is shown (upper dashed
line) for comparison.
It is also apparent from Figure 2 that the three g-mode
sdB stars whose convective core masses were derived
from asteroseismology (plotted as open ellipses) have not
evolved very far from the ZAEHB’s appropriate for their
masses.
Details for the sequences of evolutionary tracks in Fig-
ures 1 and 2 are given in Table 2. The average sdB mass,
the total mass of hydrogen (essentially all in the enve-
lope), and the extent of the inner convection zone of the
sdB star are averaged over the time of helium core burn-
ing (the sdB lifetime). We also provided the ZAEHB
core and envelope masses for all stellar models.
In agreement with previous HB/EHB stellar models,
a smaller He core mass with the same set of envelope
masses shifts the ZAEHB in the direction of lower ef-
fective temperatures and slightly higher surface gravi-
ties, whereas a different envelope mass for the same core
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mass slides the starting point of the sdB track up or
down along the ZAEHB. Therefore, mass loss between
the He flash and the ZAEHB results in hotter, higher-
gravity sdB tracks, but the position of the ZAEHB does
not change.
35000 30000 25000
Teff
5.0
5.2
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5.6
5.8
6.0
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g
(g
)
ZAEHB
sdB spectra
sdB binaries
sdB pulsators
Mini = 1.0M¯
Fig. 1.— Evolutionary tracks of sdB stars in the log g − Teff
diagram. The solid black curves (red in the online journal) show
the evolutionary tracks of our models with Mini = 1.0M and
MsdB = 0.4652, 0.4654, 0.4658, 0.4669, 0.4705M from bottom to
top. The black (red) triangles intersect the lines in intervals of
107 years, depicting the region where most sdB stars should be
found. The small loop at the bottom of each track shows the final
approach to the ZAEHB. The dashed lines show the ZAEHB’s for
our evolutionary models of Mini = 1.0M. The spectroscopic data
points (small black dots) for sdB stars (Green et al. 2008), agree
very well with the open and filled squares with error bars derived
from eclipsing binary and asteroseismology analyses, respectively
(Fontaine et al. 2012).
We ran additional sets of simulations for sdB stars with
Mini = 2.3 and 2.5M progenitors (not shown). Their
helium core masses are even less massive and thus the
ZAEHB and sdB evolutionary tracks are further shifted
to even lower temperatures/higher gravities. In these
models the helium core mass is so low that the stars
start helium fusion before the material in the helium core
becomes degenerate.
3.1. Comparison with other evolutionary models and
observations
We compared our results with older evolutionary tracks
computed by Dorman for Charpinet et al. (2000, 2002),
and with recent work by Østensen et al. (2012), Bloemen
et al. (2014), and Fontaine (priv. comm.).
Dorman’s primary set of models (Charpinet et al. 2002)
adopted a He core mass of 0.4758M. We could not
achieve that high an evolutionary core mass with our
standard set of parameters, for the same solar compo-
sition. Therefore, we used MESA to construct a new
ZAEHB, starting from a He main-sequence star with a
0.4758M core mass and using OPAL type II opacities.
2000035000 30000 25000
Teff
5.0
5.2
5.4
5.6
5.8
6.0
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ZAEHB
Mini = 2.0M¯
ZAEHB
Mini = 1.0M¯
sdB spectra
Mini = 2.0M¯
g −mode sdB stars
Fig. 2.— Evolutionary tracks of sdB stars in the log g − Teff
diagram. The solid black curves (green in the online journal)
show the evolutionary tracks for sdB stars with Mini = 2.0M
and MsdB = 0.4357, 0.4363, 0.4373, 0.4389, 0.4415, 0.4433M. The
dashed lines show the ZAEHB for Mini = 1.0M (upper/red)
and 2.0M (lower/green). The smaller He core masses devel-
oped by the more massive progenitors shift the ZAEHB for the
Mini = 2.0M models toward lower Teff/higher log g relative to
the ZAEHB for Mini = 1.0M. The observed spectroscopic data
points (black dots) are the same as in Fig. 1. The large open el-
lipses (black/red) correspond to the three g-mode sdB stars ana-
lyzed with asteroseismology, whose total masses are 0.496, 0.471
and 0.463/0.452M (from left to right).
Figure 3 shows that this ZAEHB is completely consis-
tent with the starting points of Dorman’s sdB tracks.
Our model sdB tracks from Figure 1 (Mini = 1.0M)
also agree well with Dorman’s, spanning essentially the
same range in log g − Teff space, although ours are
slightly shifted to lower temperatures and gravities due
to ∼ 0.01M smaller He cores.
For a further comparison, we constructed two ZA-
EHBs from a He main-sequence star with a core mass
of 0.47M using type I opacities as well as type II. Type
II opacities differ from type I because of the composition
change of C and O during thermonuclear evolution. It is
evident from Figure 3 that type I opacities shift the evo-
lutionary tracks away from the distribution of observed
sdB stars. The significant size of this effect indicates
the importance of the opacities for the position of the
ZAEHB.
Our use of OPAL type II opacities, instead of the
MESA default type I opacities, appears to be the main
reason why our EHB evolutionary tracks agree more
closely with the observed points than those of Østensen
et al. (2012).
The 0.47M core mass, type II ZAEHB we con-
structed was also found to be essentially identical with
the ZAEHB derived by Fontaine and collaborators from
static models having the same core mass (Fontaine, priv.
comm.). Their models include radiative levitation as well
as gravitational settling, and use opacities equivalent to
OPAL type II in MESA.
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TABLE 2
Properties for sdB tracks in Fig. 1 with Mini = 1.0 (upper section) and in Fig. 2 with Mini = 2.0 (lower section)
ZAEHB ZAEHB Average
New mass core envelope Average Average sdB SdB lifetime convective
mass mass sdB mass hydrogen mass core mass
Mnew[M] [M] [10−3M] MsdB[M] MH1[10−3M] [106 yrs] Mcc[M]
0.4720 0.4596 5.722† 0.4652 0.23 160.7 0.181
0.4730 0.4630 2.451† 0.4654 0.25 148.9 0.179
0.4740 0.4650 0.676 0.4656 0.25 160.9 0.179
0.4750 0.4651 0.758 0.4658 0.30 162.2 0.179
0.4760 0.4652 0.903 0.4660 0.41 142.6 0.173
0.4800 0.4652 1.813 0.4669 0.95 146.8 0.172
0.4850 0.4650 5.780 0.4705 3.46 171.3 0.173
0.4900 0.4648 10.365 0.4749 6.27 174.4 0.170
0.4360 0.4350 0.772 0.4357 0.34 193.3 0.161
0.4380 0.4354 0.978 0.4363 0.46 194.3 0.161
0.4420 0.4356 1.809 0.4373 0.99 201.3 0.161
0.4450 0.4355 3.595 0.4389 2.11 220.5 0.163
0.4480 0.4354 6.328 0.4415 3.86 227.0 0.161
0.4500 0.4353 8.208 0.4433 5.03 226.3 0.159
†During the He flash hydrogen is mixed down in these two models, which gives larger envelope
masses due to our envelope definition (XH > 0.1). The preflash envelope masses are 0.468 ·
10−3 M for the first and 0.505 · 10−3M for the second model.
In Figure 4, we compare our sdB models from Fig-
ure 1 to models by Bloemen et al. (2014). We chose a
subset of their models having sdB masses closest to our
models. Theirs all have a total sdB mass of 0.47M
with slightly different He core masses of MHe−core =
0.4699, 0.4698, 0.4693, 0.4678M (from bottom to top).
Since Hu et al. (2011) and Bloemen et al. (2014) focused
on the pulsational properties of the sdB stars, they specif-
ically included radiative levitation in order to recover the
iron-group opacity bump. They used opacities from the
Opacity Project (Badnell et al. 2005), which are inde-
pendent of OPAL type II opacities.
The Bloemen et al. evolutionary tracks agree remark-
ably well with our tracks computed without radiative
levitation, indicating that this process has little effect on
the shapes or the position in the log g − Teff diagram.
We conclude that MESA models with our standard set
of input parameters (Table 1), are therefore quite capa-
ble of reproducing the ZAEHB and evolutionary tracks
of sdB stars derived using other stellar codes, as long
as the He core masses and opacities are essentially the
same. The small offset of our sdB tracks relative to the
observational points in Figure 1 could therefore be due to
either the evolutionary He core masses or the opacities.
The canonical timescale for the sdB lifetime is about
100 Myr (Dorman et al. 1993; Charpinet et al. 2000). We
calculated sdB lifetimes of approximately 140− 170 Myr
for Mini = 1.0M (top part of Table 2), in fair agree-
ment with the earlier values, and in very good agreement
with Bloemen et al. (2014), do who found lifetimes of ap-
proximately 183, 180, 149, and122 Myr (from bottom to
top) for the four models shown in Figure 4. We note
that the lifetimes in our simulations are not monotonic
functions of mass, but depend upon details of the mix-
ing algorithms, which seem to be very sensitive to the
initial conditions(see §4). The smoothest evolutionary
tracks are those in which mixing is dominated by atomic
diffusion.
Our models show a growing convective core starting
from ∼ 0.1M at the ZAEHB up to ∼ 0.25M at core
He exhaustion. To compare our results with the convec-
tive core masses inferred from asteroseismology, we cal-
culated time-averaged convective core masses as listed
in Table 2. The Mini = 1.0M sequence average core
masses are in the range of 0.17 − 0.18M which is sub-
stantially smaller than the values found by Van Grootel
et al. (2010a,b) and Charpinet et al. (2011b).
3.2. Masses of sdB stars
According to a study of the empirical mass distribution
of sdB stars (Fontaine et al. 2012), the median value of
the sdB mass is M = 0.471M, with the range from
0.439 to 0.501M containing 68.3% of the stars. The
maximum masses of our evolutionary sdB models lie
within this range, but they are somewhat smaller than
the median of the observed distribution.
The He core mass on the ZAEHB is determined by the
core mass at the point when the hydrogen shell burn-
ing is quenched near the tip of the RGB, whether it is
extinguished prematurely by mass stripping or by the
onset of the He flash. Any mass loss occurring between
the RGB tip and the ZAEHB only reduces the amount
of residual hydrogen envelope; uncertainties in the mass
loss rates would merely shift the sdB along the ZAEHB
appropriate to its core mass.
We therefore investigated the effects on the core mass
due to the interplay of initial mass, initial composition
and conditions during the He flash. The results are com-
piled in Table 3.
Larger initial masses than 1.0M always produce
smaller He cores. Initial masses smaller than 1.0M
would produce larger He cores in the absence of winds,
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but winds reduce the mass of the He core at the He flash
for lower mass stars. If the actual mass loss rates on the
MS and RGB were much smaller than predicted by the
Reimers formula as implemented in MESA (with a co-
efficient of 0.5), initial masses lower than 0.9M could
result in slightly larger He core masses. However, since
stars with Mini smaller than about 1.0M have not had
time to evolve to the RGB tip in the lifetime of the galac-
tic disk, varying the initial mass of the MESA progenitor
stars does not help to produce larger He cores than we
get from our standard model.
Next we investigated the effect of different initial com-
positions. Table 3 shows that reducing the initial metal-
licity to Z ≈ 0.01 and the helium abundances to Y ≤ 0.26
would increase the He core masses to 0.471 − 0.473M,
i.e. to the median mass of the empirical mass distri-
bution. However, since we could not realistically ac-
count for He core masses much higher than MHe−core =
0.473M with composition changes alone, some addi-
tional factor would still be required to produce model
sdB stars corresponding to the upper half of the observed
mass distribution.
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ZAEHB T2 0.47 M¯
ZAEHB T2 0.4758 M¯
sdB spectra
Charpinet (2002)
Mini = 1.0M¯
Fig. 3.— We compare evolutionary tracks (black solid curves) cal-
culated by Ben Dorman with MHe−core = 0.4758M (Charpinet
et al. 2002) with a MESA ZAEHB constructed using the same He-
core mass and OPAL type II opacities (dot-dashed line; blue in the
online journal). The latter agrees remarkably well with the starting
points of Dorman’s tracks. For comparison, we show our evolution-
ary tracks from Fig. 1 (gray/red solid lines; OPAL II opacities). We
also display two MESA ZAEHB’s for MHe−core = 0.47M, close
to the mean of the empirical mass distribution of sdB stars Fontaine
et al. (2012); the gray (green) lower dashed line was constructed
with OPAL I opacities and the black (blue) dashed line with OPAL
II opacities. The spectroscopic data points (dots) are the same as
in Fig. 1.
Even when sdB models are constructed to have He core
masses of 0.470M, or even 0.4758M, the resulting ZA-
EHB’s still appear to be a bit too far to the lower right
in the log g − Teff diagram. This is true for other stellar
models as well as ours. According to the empirical distri-
bution, a third of the observed points in Figure 3 should
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ZAEHB Mini = 1.0 M¯
Bloemen et al. 2014
Mini = 1.0M¯
Fig. 4.— We compare our evolutionary tracks (gray; red in the
online journal) and the corresponding ZAEHB (dashed gray/red )
from Fig. 1 with selected stellar models from Bloemen et al. (2014)
having a total mass of MsdB = 0.47M and helium core masses
at the ZAEHB of MHe−core = 0.4699, 0.4698, 0.4693, 0.4678M
(from bottom to top). The spectroscopic data points (dots) are
the same as in Fig. 1.
have evolved from ZAEHB’s corresponding to He core
masses between 0.44M and 0.47M. Instead, the type
II opacity ZAEHB for MHe−core = 0.47M (upper/blue
dashed line) appears to fall significantly below the lower
envelope of the vast majority of observed points. Simi-
larly, the upper envelope of observed points in Figures 1
and 4 seems overpopulated, especially since the evolu-
tion is much faster as the stars begin to exhaust the He
in their cores.
Mixing processes in the progenitor star do influence the
He core mass up to the onset of the He flash but the effect
is small with current stellar evolutionary codes. We ran
a few test models without atomic diffusion, starting from
the pre-main-sequence, and compared them to our stan-
dard progenitor model with atomic diffusion. As seen
previously by Michaud, Richer, & Richard (2007) and Hu
et al. (2008), adopting atomic diffusion produces only a
marginal increase in the He core mass of ∼ 0.0015M at
the RGB tip, and consequently in the ZAEHB He core
mass.
In principle the He core mass might be increased prior
to the He flash by mixing processes, but within the
present framework this is an arbitrary and not partic-
ularly helpful addition. For example, if convective over-
shoot is active during the progenitor evolution, the He
core mass is enhanced by ∼ 0.0005M for a overshoot
parameter of fov = 0.02, which is a change too small to
be of significant benefit.
3.3. Observational constraints on initial masses and
metallicities
Our choice of a 1.0M, solar composition progenitor
for most of our ZAEHB models was based on available
data for sdB stars in old open clusters. Unfortunately, it
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TABLE 3
He-core masses for a variety of sdB models
Mini Zini Yini Xini MHe−core AgeHe−flash Comment
[M] [M] [109 yrs]
2.0 0.02 0.28 0.70 0.436 1.085
1.2 0.02 0.28 0.70 0.464 6.212
1.0 0.02 0.28 0.70 0.466 11.896 “standard model”
0.9 0.02 0.28 0.70 0.467 17.142
0.8 0.02 0.28 0.70 0.461 25.588
0.7 0.02 0.28 0.70 no He-flash
1.0 0.02 0.28 0.70 0.466 11.848 no winds
0.9 0.02 0.28 0.70 0.467 17.075 no winds
0.7 0.02 0.28 0.70 0.472 39.514 no winds
1.0 0.025 0.30 0.675 0.461 11.502
1.0 0.02 0.25 0.73 0.471 14.529
1.0 0.02 0.35 0.63 0.453 7.293
1.0 0.01 0.26 0.73 0.471 9.976
1.0 0.01 0.25 0.74 0.473 10.461
1.0 0.005 0.25 0.745 0.473 7.999
Notes. The He-flash mass is approximated by the mass coordinate where the
hydrogen mass fraction per cell falls below X=0.1 right before the He-flash.
is not possible to derive ages and progenitor masses for
individual field sdB stars, and their current atmospheric
compositions are completely independent of their origi-
nal metallicities due to strong diffusion in their extremely
thin envelopes. In general, since most well-studied (e.g.
nearby) sdB stars belong to the Galaxy’s old disk pop-
ulation (Saffer 1991), all we know is that their progeni-
tors must have been low mass stars less than about 10
Gyr old with metallicities greater than about 1/10 solar.
More precise estimates of initial masses and metallicities
can be obtained for sdB stars that are members of clus-
ters, but only two open clusters are known to contain
hot subdwarfs: NGC 6791 (5–6 sdB stars) and NGC 188
(one sdB). These also happen to be two of the oldest
open clusters known, 8.3 Gyr and 6.2 Gyr, respectively
(Brogaard et al. 2012; Meibom et al. 2009), as well as
two of the most metal rich, with 2.5 times solar metallic-
ity (Z = 0.05) and slightly greater than solar metallicity
(Z = 0.026) (Heiter et al. 2014). NGC 6791 is a much
more populous cluster, having four times as many nor-
mal He core burning red giant clump stars as NGC 188.
The cluster turnoff masses, derived very precisely from
eclipsing binaries, are 1.087 and 1.103 M, respectively;
the ZAMS masses of the currently observed sdB progen-
itors would have been a few hundredths of a solar mass
larger.
It turns out that there are no other well-studied clus-
ters with ages & 6 Gyr and supersolar metallicities. How-
ever, it is possible to compare the statistics of sdB stars in
clusters that are comparably old and more metal-poor, or
somewhat younger and comparably metal-rich, or both
younger and more metal-poor. While few open clusters
have been definitively searched for hot stars at ultra-
violet wavelengths (e.g. Carraro et al. 2013; Zloczewski
et al. 2007), the presence or absence of sdB’s is obvious in
many open cluster color-magnitude diagrams (CMD’s),
wherever the blue edge of the field star distribution is sig-
nificantly redder than the colors of hot subdwarfs. (Note
that here we are concerned only with He core burning
EHB stars, not fainter cataclysmic variables or other
somewhat cooler objects sometimes suggested to be EHB
candidates.)
We conducted a literature search of all well-studied
old disk clusters having sufficiently deep CCD photome-
try to reveal faint sdB candidates and populous enough
to have a distinct red giant clump (as a measure of the
relative size of the cluster sample) and found the follow-
ing results. There are no EHB stars in the CMD’s of
four old open clusters (Be 17, Be 32, Be 39, and Cr 261)
with comparable ages to NGC 6791 and NGC 188 (5.5
to 9 Gyrs) and lower metallicities (0.004 <Z < 0.015).
The combined red giant clump population in the CMD’s
of these four clusters is slightly larger than the red
clump in NGC 6791 (Bragaglia et al. 2006; Tosi et al.
2007; Bragaglia et al. 2012; Gozzoli & Tosi 1996). The
CMD’s of three other clusters (NGC 6819, NGC 6253,
and NGC 7142) with similar metallicities to NGC 6791
and NGC 188 (0.025 < Z < 0.05) and younger ages (3 to
4 Gyr) have about the same total number of red giant
clump stars as NGC 6791 and also have no EHB stars
(Jeffries et al. 2013; Kaluzny et al. 2014; Sandquist et al.
2013). A sample of eight younger and more metal-poor
clusters (Be 22, Be 31, Be 66, Mel 66; Tr 5, Be 29, M 67,
NGC 224; 2.5 to 5 Gyr, 0.003 < Z < 0.006)(Fabrizio
& Bragaglia 2005; Cignoni et al. 2011; Andreuzzi et al.
2011; Carraro et al. 2014; Kaluzny 1998; Tosi et al. 2004;
Montgomery 1993; Kaluzny et al. 2006) with a combined
red clump population more than twice that of NGC 6791,
contains a total of one, still unconfirmed, EHB candidate
(in Mel 66, 3.4 Gyr, Z = 0.01; Zloczewski et al. (2007)).
To summarize, all of the confirmed sdB members of old
disk clusters are found in NGC 6791 and NGC 188, both
of which have supersolar metallicities and are older than
6 Gyr. 15 old open clusters either somewhat younger
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and/or more metal-poor than NGC 6791 and NGC 188
have produced, at most, a single sdB star, instead of
the 20 or more such stars that would be expected if the
fraction of hot subdwarfs was similar in all old disk clus-
ters. The open cluster data suggest that lower mass, very
metal-rich progenitors produce a much higher fraction of
field sdB stars.
Table 3 shows that the initial masses inferred for the
known sdB members of old disk clusters, 1.1 to 1.2M
are consistent with observations of field sdB stars in the
sense that they correspond to nearly the largest possible
values of the helium core mass that could have been pro-
duced in the lifetime of the galactic disk (even if the latter
are not large enough to match the observations). Signif-
icantly lower initial helium, and perhaps lower metallici-
ties, can produce slightly larger core masses by the time
of the He flash, but such low abundances are incompati-
ble with the statistics of sdB cluster members presented
above.
Most importantly, our models were evolved almost to
the onset of the He flash before the envelope stripping
was initiated. Assuming that sdB stars lose the last of
their envelopes just as the He core flash is about to begin
requires an unrealistic fine-tuning of the initial binary pa-
rameters. Instead, most sdB progenitors are expected to
leave the RGB somewhat before the He core flash, when
their He core masses are significantly smaller. Castellani
& Castellani (1993) and D’Cruz et al. (1996) calculated
that stars near the red giant tip with He core masses up
to ∼ 0.02M less than the He flash core mass can lose
their envelopes and still become EHB stars.
Although the He core masses of our standard MESA
sdB models are already too small compared to observa-
tions, it is clear that more realistic assumptions would
reduce the ZAEHB He core masses even further, increas-
ing the discrepancy with observations.
3.4. A solution from nuclear astrophysics?
It might be thought that our inability to produce
higher He core masses is related to the net rates of the
helium burning reactions which are used as defaults in
MESA, indicating that these rates might need revision.
The mass at degenerate ignition is essentially a mea-
sure of the peak temperature, and insensitive to other
parameters. In turn, the temperature at thermal run-
away is sensitive to the effective reaction rate, including
both nuclear and electron screening effects. Hoyle (1954)
used this physics plus the core mass-luminosity relation
to infer the existence of an excited state in 12C; see §8.1,
Arnett (1996), for details. We expect a slightly lower
effective rate to give a later helium flash, allowing the
core to grow larger. Iliadis (2007)(§5.3.1) has reviewed
the experimental situation regarding the rates of helium
burning reactions. The triple-alpha reaction is not di-
rectly measured, but is thought to be reliably estimated
(±35%) by indirect means for normal, non-degenerate
conditions. The 12C(α, γ)16O reaction is notorious for its
experimental difficulty, but must track the triple-alpha
rate to avoid significant nucleosynthesis consequences.
To test the sensitivity of core mass to reaction rate,
we performed a numerical experiment in which we sim-
ply lowered the effective nuclear reaction rates for our
stellar progenitor model. We decreased the effective nu-
clear reaction rates for the triple-α process and the ni-
trogen reactions by a factor of four, which led to a He-
core mass of 0.473M (factor of two: 0.469M) for the
Mini = 1.0M model, bringing the He-core mass slightly
above the median of the sdB mass distribution. These
arbitrary changes are three times the estimated 3σ er-
ror, and seem to be an very unlikely resolution of the
discrepancy in He core masses of sdB stars.
4. CONVECTIVE CORES OF SDB STARS
Using our standard set of input physics, including the
well described set of physical processes causing atomic
diffusion, we found that our time-averaged convective
core masses are too small in comparison to the data in-
ferred from asteroseismology. A combination of type II
opacities plus atomic diffusion is clearly necessary, al-
though insufficient. A further increase of the average
convective core mass of about 0.04 − 0.09M is needed
for agreement with the values found by Van Grootel et al.
(2010a,b) and Charpinet et al. (2011b).
The convective core size is mainly determined by the
convective and diffusive mixing processes during the evo-
lution of the sdB star. For our standard models, we used
the Schwarzschild criterion to determine the convective
boundary and the MLT picture of convection.
In the following sections, we further investigate the dif-
ferent input physics options available in MESA to illus-
trate how the interplay of opacities, diffusion and over-
shoot effect the convective core growth, and thus the sdB
lifetime, as well as the position in the log g−Teff diagram.
4.1. Direct comparison of different input physics
We compared six different sdB models, all having the
same standard Mini = 1.0M progenitor model and
Mnew = 0.48M, using different options for the input
physics as specified in Table 4. The default model uses
most of the MESA default input physics, including OPAL
type I opacities and no atomic diffusion. The basic model
uses the OPAL type II opacities and again no atomic
diffusion. The third model in this comparison adds con-
vective overshoot to the basic model. Our standard sdB
model has the input physics summarized in Table 1. The
fifth model adds convective overshoot to the standard
model, and the last model shows the effect of radiative
levitation.3
The results for the convective core masses are shown
in Figure 5. The default and the basic model both have
a constant convective core mass of 0.1M throughout
the sdB lifetime, which is therefore significantly shorter
than for the standard model. Adding convective over-
shoot with fov = 0.02 to the basic model allows the
convective core to grow from a value of about 0.13M
to 0.16M. From then on, the convective core size in
the basic +fov model remains roughly constant, but the
convective boundary shows rapid irregular fluctuations
probably related to inadequacies in the formulation of
the overshoot algorithm. The sdB lifetime for this model
is extended by about a factor of two compared to the
default and the basic model.
The standard model also produces a steadily growing
convective core up to a mass of ≈ 0.25M at He core ex-
3 Radiative levitation in this model makes use of OPAL Project
opacities (Badnell et al. 2005), which include additional data for
iron group elements.
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Fig. 5.— Convective cores as a function of time, with different input physics. The largest cores result from a combination of type II
opacities and either overshoot or atomic diffusion, which conspire to induce core growth. Large values for the overshoot parameter do not
produce core growth, just larger cores. The rapid fluctuations in the models with overshoot suggest that the mixing algorithm experiences
numerical instabilities at the boundary. The model with radiative levitation shows a sawtooth curve that we also find in some of our other
standard models without radiative levitation. The sawtooth is caused by the convection zone growing and collapsing periodically.
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Fig. 6.— Evolutionary tracks starting from the same standard
initial model, but with different input physics. The sdB observa-
tional data are shown as single symbols and the evolutionary tracks
are shown as symbols connected by lines. (The basic model with
overshoot was not plotted, since it is indistinguishable from the
standard model with overshoot.) As in Fig. 5, the most significant
change results from core growth due to the combination of type II
opacities and either overshoot or atomic diffusion.
haustion, as described in § 3.1. This is our only model in
which the increase in the convective core mass is mono-
tonic and smooth. The sdB lifetime is ∼ 50 Myr longer
than for the default and basic models, in full agreement
with the results of Bloemen et al. (2014).
TABLE 4
Global properties for sdB models
with different input physics
Model SdB lifetime Average
physics [106 yrs] Mcc[M]
default (OPAL I, no diffusion) 90.7 0.105
basic (OPAL II, no diffusion) 77.8 0.105
basic + fov = 0.02 176.8 0.157
standard (OPAL II, with diffusion) 146.8 0.172
standard + fov = 0.02 174.6 0.157
standard + rad. levitation 146.9 0.168
A default model with convective overshoot (not listed
in the table) showed that the current MESA overshoot
algorithm simply forces the size of the convective core
to have a larger constant value, whereas the combined
effect of using type II opacities and either overshoot (ba-
sic + fov) or atomic diffusion (standard) is to cause core
growth.
When overshoot is added to the standard model, we see
the same behavior discussed above for the basic model
with overshoot, including the same rapid fluctuations,
except that the maximum convective core size and the
lifetime are both larger.
Adding radiative levitation slightly decreases the aver-
age convective core mass of our standard model because
of the sawtooth behaviour seen in Figure 5. It has a
negligible effect on the sdB lifetime. We encountered the
sawtooth behavior in many of our other standard models
(i.e. without radiative levitation). The convection zone
grows and collapses periodically in these models.
We believe this not a numerical artefact but rather a
consequence of the model physics. The effect is reminis-
cent of He-flash models by Moc´ak et al. (2008, 2009). It
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seems to be strongly dependent on the different model
parameters, especially the new mass after stripping off
the envelope. This behavior changes the profile of the
helium, carbon and oxygen abundances as a function of
time, compared to a smooth curve, although it does not
help to explain the discrepancies between the convective
core masses of our models and the ones inferred from
asteroseismology.
Figure 6 shows the evolutionary tracks of five of the
six models compared to sdB observational data. When
type II opacities are used (basic model; black circles) in-
stead of type I opacities (default model; open circles) the
evolutionary paths shift to higher temperatures and very
slightly higher gravities. The most significant difference
is the evolution to much lower gravities caused by the
convective core growth, due to the combination of type
II opacities and either overshoot in the basic model or
diffusion in the standard model (black squares). The re-
sulting tracks extend high enough to explain a majority
of the observed points. The standard model plus radia-
tive levitation (gray diamonds; red in the online version)
gives a similar result. Adding overshoot to either the
basic model (not plotted) or the standard model (gray
squares; blue in the online version) also turns out fairly
similar, except for the suspicious looping behavior toward
the end of the He core burning in Figure 6, correspond-
ing to the large spikes in Figure 5. (The tracks of the two
models with convective overshoot are so similar that for
clarity we only show the standard model with overshoot.)
TABLE 5
Properties for sdB models with additional overshoot.
Standard model Basic model
(OPAL II and diffusion) (OPAL II, no diffusion)
overshoot sdB Convective sdB Convective
parameter lifetime core mass lifetime core mass
fov [106 yrs] Mcc[M] [106 yrs] Mcc[M]
no overshoot 146.8 0.172 77.8 0.105
0.01 194.8 0.149 179.4 0.152
0.02 174.6 0.157 176.8 0.157
0.04 176.2 0.179 174.98 0.179
0.08 170.3 0.227 170.2 0.227
0.10 179.3 0.252 179.2 0.252
4.2. Achieving larger convective cores with convective
overshoot
Although we see erratic behavior when convective over-
shoot is added to any model computed with type II
opacities, we nonetheless calculated a few models with
varying overshoot parameters to investigate whether a
sufficiently large overshoot parameter in the current im-
plementation would bridge the discrepancy in convective
core size between our stellar models and asteroseismol-
ogy.
Table 5 lists the results of two model sequences with
varying amounts of convective overshoot, as implemented
in MESA. Except for the value of the overshoot parame-
ter, these model sequences are the same as the basic and
standard models in Table 4. They start from the same
progenitor model evolved with standard input physics
(Mini = 1.0M, Mnew = 0.48M).
An increase in the overshoot parameter, fov, directly
affects the extent of the convective core. To achieve con-
vective cores as large as those determined by Van Groo-
tel et al. (2010a,b) and Charpinet et al. (2011b), the
overshoot parameter must be greater than 0.08. For
reference, we note that overshoot parameters fov ∼
10−5 to 10−4 have been used for 3M stars and over-
shoot parameters fov ∼ 10−3 to 10−2 for 1.5M stars
(Paxton et al. 2013). Herwig (2000) suggested fov ∼
0.016 for stellar interiors in order to reproduce the mod-
els of Schaller et al. (1992).
We have to increase the overshoot parameter by at
least a factor of five to reproduce values close to the re-
sults of Van Grootel et al. and Charpinet et al. even in
the presence of atomic diffusion in our standard model.
The fact that the overshoot parameter must be varied
by orders of magnitude in different types of stars under-
scores the physical inadequacy of the current treatment
of overshooting.
It is interesting that convective overshoot seems to
hinder the convective core growth that occurs as a re-
sult of atomic diffusion and type II opacities in our
standard model. Table 5 shows that overshoot param-
eters of 0.01 − 0.02 produce smaller average convec-
tive core masses than the standard model with no over-
shoot. Larger convective core masses are achieved only
for fov ≥ 0.04. It appears that overshoot interacts in
an unexpected way with diffusion as well as with type II
opacities.
The overshoot algorithm increases core sizes by in-
creasing the importance of the numerical diffusion term
(Eggleton 1972), which in turn flattens the composi-
tion gradients. Smaller gradients make atomic diffusion
weaker; actually, overshoot should enhance atomic diffu-
sion.
5. CONCLUSION
MESA is an excellent software environment to explore
implications of numerical experiments, and to find inad-
equacies in our theoretical ideas about how stars evolve.
Our MESA sdB models reproduce the general prop-
erties of the ZAEHB and the characteristic hook shape
of the helium core burning evolutionary path. We have
demonstrated that MESA is fully capable of recreating
previous theoretical EHB results, e.g. the position of the
tracks in the log g−Teff plane and the model time scales
(Charpinet et al. 2002; Bloemen et al. 2014), as long as
we use Type II opacities and start with the same value
for the He-core mass on the ZAEHB.
However, although we are able to produce structures
which are consistent with the asteroseismology of sdB
stars, we cannot evolve to these conditions with plausible
parameters for standard stellar evolution. Our largest
total sdB masses are smaller than the median mass of the
empirical sdB mass distribution. More importantly, the
computed helium burning cores are smaller than inferred
by observation. This is an error in convective mixing in
the deep interior, far from any superadiabatic region in
the envelope. It cannot be blamed on MLT alone, and
is likely to be related to the treatment of the convective
boundary.
A clue for the solution of this problem comes from 3D
12 Schindler et al.
simulations of stellar convection having sufficient resolu-
tion to show turbulent flow (Viallet et al. 2013). These
simulations provide a closure for the Reynolds averaged
Navier-Stokes (RANS) analysis, which in turn suggests
approximations which would allow this behavior to be
implemented in a stellar evolutionary code. They do
not require calibration to astronomical data. See Ar-
nett et al. (2015) for details; here we summarize a few
features relevant to the sdB problem. A robust feature of
these simulations is the development of a boundary layer
between convective and nonconvective regions, in which
the radial flow is turned so that convection stays within
the convective region. This braking layer is subadiabatic
and well mixed, so that mixing extends beyond the radius
defined by the Schwarzschild criterion; ”extra mixing” is
required, and not an option. The braking layers are nar-
row, with a width which depends upon the stiffness of
the stable layer and the velocity of the flow; stiff bound-
aries and slow flow have narrower braking layers. The
bulk of the convective region (away from the convective
boundary) is moderately well described by MLT, a fact
which, along with the free parameter, explains its level
of success and enduring popularity.
It appears that convection as presently implemented in
stellar evolution codes is inadequately accurate for pre-
cise tests, such as those imposed by asteroseismology.
We also note that such a boundary modification would
tend to shift the standard solar model toward the As-
plund abundances (Asplund et al. 2009). The inferred
core sizes of the sdB stars and the 3D simulations suggest
a consistent picture may be obtained with introduction
of more physically consistent boundary conditions into
stellar evolutionary codes.
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